Abstract: Statin intake has been reported to reduce the risk of several malignancies beyond its cholesterol-lowering effects. However, little is known regarding the survival benefit of statins for patients with colorectal cancer (CRC).
INTRODUCTION
C olorectal cancer (CRC) is the third most common cancer and the fourth most common cause of cancer death worldwide. 1, 2 Approximately, 1.4 million people are diagnosed with CRC and 700,000 die of CRC annually, with metastatic disease accounting for 40% to 50% of newly diagnosed patients. 3 Although adjuvant chemoradiotherapy and surgical procedure are the recommended treatment for CRC and they did improve oncologic outcomes over the last decades, [4] [5] [6] [7] [8] [9] [10] it remains a major bottleneck that some more effective chemopreventive agents are required to be developed to reduce the complications and mortality.
3-Hydroxy-3-methylglutaryl coenzyme A reductase inhibitors, also known as statins, are some of the most widely prescribed medications mainly to lower serum cholesterol. 11 An increasing number of epidemiologic studies indicate that statins may serve as cancer chemopreventive agents. In addition, a meta-analysis involving >1.5 million participants aimed to evaluate the cardiovascular outcomes of statin also found that statin use was associated with 9% reduction in the risk of CRC among case-control studies. 12 Besides, statins have been shown to influence the clinical outcomes through the reduction in the invasiveness or metastatic properties of CRC. 13, 14 Beyond the potential chemopreventive role of statins, recent studies have investigated whether taking statins before or after diagnosis can benefit prognosis for patients with CRC. [15] [16] [17] [18] Although inconsistent prognostic results exist regarding statin usage duration, disease stage, tumor site, and other medication usage such as aspirin or other nonsteroidal anti-inflammatory drug (NSAID) use status, statin remains a promising adjuvant agent for CRC. Due to inconsistent results among studies, we perform this systematic review aimed at determining whether statin use in CRC patients is associated with improved prognosis.
METHODS

Literature Search and Study Selection
Based on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement, 19 we conducted a systematic literature review of PubMed, Excerpta Medica data-BASE, the Cochrane Library Central Register of Controlled Trials, and the American Society of Clinical Oncology databases up till November 2014 for relevant citations, using search strategies (supplementary Table1, http://links.lww.com/ MD/A288) that included exploded Medical Subject Headings terms combined with text words relating to statins and CRC prognosis. We also hand-searched the reference lists from the extracted relevant research papers, previous reviews, and metaanalyses for additional potential publications.
We considered studies eligible for inclusion if they met the following criteria: observational studies evaluated any prognostic outcomes in CRC patients comparing prediagnosis and/ or postdiagnosis statin users with nonusers, and a summary statistic of hazard ratios (HRs) or relative risks (RRs) with 95% confidence intervals (CIs) could be abstracted or calculated indirectly as described by Parmar et al. 20 We included studies that had a minimum length of follow-up of !1 year. When several studies were available for the same cohort, we retained the most recent or informative one for analysis. 21, 22 Studies reporting all-cause mortality (ACM) and cancer-specific mortality (CSM) were included in the main analyses. Two authors (Y.L. and L.Y.) independently performed study selection according to eligibility criteria. Institutional review board approval and patient consent were not required for this metaanalysis of observational studies.
Data Extraction
Two authors (Y.L. and H.Q.H.) independently extracted basic characteristics, evaluated the quality of each study, and resolved any discrepancies through a consensus discussion with a third senior author (Y.Y.). The characteristics recorded were first author, publication year, country, study name, study design, number of participants, age at baseline, tumor site, stage, statin usage duration, follow-up duration, survival analysis, and survival endpoints. We assessed the methodological quality of each study using the Newcastle-Ottawa Quality Assessment Scale, 23, 24 in which 3 domains including cohort selection, comparability, and outcome were evaluated with a maximum score of 9 representing the lowest risk of bias.
Statistical Analysis
We used STATA version 12.0 (StataCorp LP, College Station, TX) for meta-analysis. Survival estimates with full adjustments for known confounders of included studies were abstracted. Summary data reporting HRs or RRs with corresponding 95% CIs estimated from Cox proportional hazards models were pooled with random-effects model. 25 The data regarding the association of prediagnosis and postdiagnosis statin use with survival outcomes were pooled separately. Between-study heterogeneity was evaluated by the Cochrane Q statistic (with a P < 0.10 considered statistically significant) and the I 2 statistic (with an I 2 exceeding 50% indicating significant heterogeneity). 26 Statin usage on ACM and CSM for CRC patients was explored for primary meta-analysis. Other outcome measures such as disease-free mortality (DFM), recurrence-free mortality (RFM), or progression-free mortality (PFM) were also evaluated. To further explore the potential heterogeneity, we performed sensitivity analyses stratified by 27 We further determine the number of missing studies using Duval and Tweedie trim and fill method to adjust the summary HR based on all the studies including the hypothesized missing ones. 28 All statistical analyses were 2-sided and P < 0.05 was chosen for significance.
RESULTS
Description of the Included Studies
The literature search yielded a total of 532 references for eligibility. After screening the title and abstract, 66 potentially relevant studies were identified for full-text review, of which 10 met our inclusion criteria (Figure 1) . [15] [16] [17] [18] [29] [30] [31] [32] [33] [34] The baseline characteristics of included studies [15] [16] [17] [18] [29] [30] [31] [32] [33] [34] were shown in Table 3 , http://links.lww.com/MD/A288).
Prediagnosis Statin Use and CRC Survival
Our primary analysis regarding prediagnosis statin use and CRC survival in 7 studies estimated a pooled HR of 0.73 (95% CI 0.61-0.88, P ¼ 0.001) for ACM and 0.80 (95% CI 0.77-0.84, P < 0.001) for CSM (Table 2) , indicating 27% reduction in ACM and 20% reduction in CSM compared with statin nonusers (Figure 2A ). We did not note obvious heterogeneity for ACM (I 2 ¼ 19.9%, P ¼ 0.291) or CSM (I 2 ¼ 10.8%, P ¼ 0.347) among the studies. CRC overall survival and CRC-specific survival benefit persisted in sensitivity analyses stratified by tumor site and NSAID adjustment (supplementary Table 2B -C, http://links.lww.com/MD/A288). For ACM, sensitivity analysis was also performed by excluding 1 study that applied univariate analysis, and the result did not alter significantly (HR 0.66, 95% CI 0.52-0.84, P ¼ 0.001). Due to limited studies, we did not find associations between prediagnosis statin use and other outcomes such as DFM, RFM, or PFM.
Postdiagnosis Statin Use and CRC Survival
Five studies provided the association between postdiagnosis statin use and CRC survival, estimating a pooled HR of 0.70 (95% CI 0.60-0.82, P < 0.001) for CSM (Table 2) , indicating 30% reduction in CSM compared with statin nonusers. The survival benefits persisted when stratified by tumor site and NSAID adjustment (supplementary Table 2A , http://links.lww.-com/MD/A288). However, we did not note an association between postdiagnosis statin use and ACM (HR 0.93, 95% CI 0.68-1.27, P ¼ 0.639) with significant heterogeneity across studies (I 2 ¼ 69.4%, P ¼ 0.011) ( Figure 2B ). Sensitivity analyses showed that an increased ACM was indicated for KRAS-mutated CRC (HR 1.61, 95% CI 1.07-2.43, P ¼ 0.021) but not for KRAS wild-type CRC (HR 1.32, 95% CI 0.72-2.42, P ¼ 0.365) (Figure 3 ). We did not observe reduction in ACM for postdiagnosis statin use when stratified based on tumor site and NSAID adjustment (Table 3) . We did not note survival benefits for postdiagnosis statin use regarding DFM, RFM, or PFM (Table 2) .
Publication Bias
Although funnel plots ( Figure 3A-B) and Egger test did not indicate publication bias, due to the small number of studies in each survival panel, we did not definitely determine the existence of publication bias. Trim and fill analysis, however, did not change the pooled estimates of each outcome panel. ACM ¼ all-cause mortality; CI ¼ confidence interval; CSM ¼ cancer-specific mortality; DFM ¼ disease-free mortality; HR ¼ hazard ratio; PFM ¼ progression-free mortality; RFM ¼ recurrence-free mortality.
Ã P for heterogeneity.
DISCUSSION
This systematic review and meta-analysis of observational studies on the impact of statin use on CRC survival underlines the strong potential of taking statins to reduce the mortality from CRC. The 7 included observational studies available so far suggest a reduction of total overall mortality by $27% and CRC-specific mortality by nearly 20% for patients who took statins before CRC diagnosis. This effect persists in sensitivity analyses stratified by tumor site and NSAID adjustment. In addition, meta-analyses of the identified 5 observational studies on postdiagnosis statin use suggest similar reduction of CRC-specific mortality by $30%, but no overall mortality reduction has been noted.
An important cumulative evidence of a possible reduction in CRC risk with statin use was noted in a meta-analysis in 2007. 12 This study, involving >1.5 million participants, indicated a modest reduction in CRC risk among case-control studies (HR 0.91, 95% CI 0.87-0.96), whereas other studies concluded that statins had a slight but nonsignificant protective effect for CRC. [35] [36] [37] [38] A more updated meta-analysis including 42 studies demonstrated that after pooling results from all observational studies and randomized controlled trials (RCTs), statin use was associated with a modest reduction in the risk of CRC (RR 0.90, 95% CI 0.86-0.95), especially for lipophilic statin use. However, no significant decreased association was found in RCTs, colon cancer, or hydrophilic statin. 39 Those seemingly conflicting results provide all necessities for the study of the possible biological mechanisms of statins on CRC and the impact on CRC outcomes. Furthermore, largescale prospective studies are warranted.
There are several potential explanations for the observed association between decreased ACM or CRC-specific mortality and statin use in CRC patients. It was reported that statins might have growth inhibitory potential by inducing cell death, thereby exerting an antiproliferative effect. 40 A recent study found that statins could induce apoptosis through mitochondrial effects and affected intrinsic and extrinsic pathways by upregulating Fas, the receptor for Fas ligand. 41 Moreover, it was also indicated that statins could inhibit angiogenesis by reducing the production of vascular endothelial growth factor. [42] [43] [44] Still, previous in vitro studies showed that statins inhibited cellsignaling pathways affecting the invasive and metastatic properties of malignancies, thus attenuating the metastatic potential of malignant cells. 45 One meta-analysis has assessed the risk of cancer death among patients using statins. 46 This meta-analysis, involving 22
RCTs with >80,000 participants, reported no significant association between statin use and cancer death for all cancer types, as well as for any individual cancer type including colon cancer. In colon cancer subtype, 4 studies including 27,972 participants were enrolled and no associations were found between statin use and cancer mortality. However, this meta-analysis had some limitations and should be interpreted with caution. First, some preexisting cancer patients or patients with cancer history were not excluded, which could increase in cancer mortality. Second, some important confounders, such as lifestyle factors, and clinical and pathological variables were not included for analysis. Finally, this meta-analysis, as was indicated, had publication bias; thus, the results should be interpreted in view of the above limitations. The present analysis has several strengths. First, the exhaustive and reproducible search strategy enables us to analyze the survival of CRC patients using all the available outcome measures including ACM, cancer-specific mortality, DFM, and PFM. Although we do not search unpublished gray literature for insufficient data, the variety of cohorts cover countries from all over Europe, the United States, and Asia. Second, by combining a large sample size of >76,000 concerning the topic, we were able to provide more comprehensive synthesis of evidence for survival benefits of statin use for CRC patients both before and after diagnosis. Third, to explore the potential sources of heterogeneity and evaluate robustness of the outcome panels for ACM and CSM, we performed several sensitivity analyses according to tumor site, NSAID use, and KRAS mutation status, and the results showed consistency across subgroups.
We acknowledge that our work should be interpreted with multiple limitations. First, current number of available studies was relatively small with only 10 studies; thus, subgroup analyses could not be fully conducted and heterogeneity had not been thoroughly explored. Second, almost all studies involved applied multivariate Cox proportional hazard models adjusted for potential confounders except 1 using univariate model. 30 The adjusted factors varied across studies. However, sensitivity analysis did not significantly alter the pooled results, indicating the robustness of our results. Third, duration of follow-up varied across studies, and some studies did not give detailed follow-up information, which excluded the possibility of performing subgroup analysis according to the duration of patient follow-up, although it might affect the result of patient survival.
Fourthly, due to insufficient data reported to calculate effect estimates, we did not investigate the influence of the type of statins and their doses and duration of statin therapy on the survival of CRC patients. Therefore, further study should be conducted on the dose and duration response effects for the association between statin use and CRC survival. Fourth, the results of our analyses were derived from observational studies. Although some known potential confounders (eg, age, sex, body mass index, and disease stage) were identified and adjusted for almost all of the included studies, some other variables (eg, KRAS and BRAF mutation or microsatellite instability status) could influence our exploration of associations between statin use and CRC survival. Moreover, due to the nature of observational studies, our analysis only confirmed an association between statin use and CRC survival, and did not provide evidence for a cause-effect relationship. Another potential limitation is publication bias. Although we included meeting abstracts, 31, 33 we could not totally exclude the possible effect of unpublished studies on study results, which might have led to a certain degree of reporting bias. We tried to minimize this kind of bias using trim and fill methods, and the results remained unchanged. Still, our results should be treated with caution.
In summary, available evidence shows that statin therapy before diagnosis is associated with improved overall survival and CRC-specific survival; similar survival benefit regarding CRC-specific survival has been indicated for CRC patients taking statins after diagnosis. Further meta-analyses based on individual patient data are required to characterize the doseresponse or duration-response associations, as well as the association in CRC patients with different molecular and pathological features to further explore the prognostic effect of statins on patients with CRC. 
